Letters and comments

Inversion time for a fully spherical tippe-top
A recent article (Scorgie 1981 ) made passing reference to the fascinating and instructive toy known as the tippe-top, and subsequent reflection showed that a number of interesting features concerning the fully spherical version follow readily along the lines of the treatment in the article and provide useful illustrations of its general theme. The article established conditions for the spinning sphere to be unstable with the mass centre vertically below the geometrical centre and stable in the opposite configuration, thereby dealing with the instability needed to begin the inverting motion and the stability needed to end it; and it proves easy to see that, if these conditions are satisfied, the intervening inverting motion is also allowed. On the other hand, partial fulfilment of the conditions may cause the inversion to terminate before completion.
But perhaps the most interesting feature is to estimate approximately the time for complete inversion, assuming conditions to be such that it does occur. This aspect suggested itself as a result of coming across a textbook calculation (Barger and Olsson 1973) subject to rather diffuse simplifications including the neglect of some of the torques acting on the sphere, and the assumption of equality between all three of the principal moments of inertia at the mass centre. That calculation has a good deal in common with the spirit of the article and it seems worth while indicating how, without loss of simplicity, the conclusion of the calculation can be freed from its main supporting restrictions.
The notation of the article is retained, but viscous friction is replaced by sliding friction that is independent of the sliding speed; thus p is replaced by p'/u, where v is the sliding speed and p' is the constant coefficient of friction. Also 6 is the angle between unit vectors k and S, and subscripts 1 and 2 denote the beginning and the end of the inversion process respectively; thus
With omission of hi * k in comparison with the gravitational acceleration, the torque per unit mass about the mass centre is
where U' is unit vector parallel to the sliding velocity. There is no need to neglect any of the terms in (l), for all that is used subsequently is the component
Now apart from a small component associated with the relatively slow inverting motion 6, the sliding velocity is parallel to uk X S, where 
hence which is the result that they obtain by a different argument under the additional restriction
(1 1) The present treatment shows that no terms in (1) need be neglected and that (11) is not needed. Furthermore it can easily be shown that (9) is not needed as an assumption. For as was remarked in the article, though not used there, an immediate integral of the motion is Substitution of this exact result into (8) gives
Of course the weight of this treatment rests on the central approximation (7) in which the timedependent 6 is replaced by its average. In fact a slightly more elaborate calcu!ation indicates that, rather than being constant, 8 varies like ( r + h cos e)', with the consequence that (r + h ) in the denominator of (15) should be (r + h)(l -h2/rz)1'2.
It must be concluded that the dependence of T on h is too delicate to be easily determined by this type of simple calculation. That apart, the structure of (15) is interesting; the absence of the transverse moment of inertia A per unit mass is particularly to be noted. The fact is, of course, that A enters into the conditions that determine whether complete inversion is possible. Given that these conditions are satisfied, A is not important in the relatively slow inversion process, despite the obvious fact that the spin must momentarily vanish at some stage with the result that the full angular momentum is then carried by the transverse inertia the measure of which is A.
